The ASTEC V1 system code is being jointly developed by the French Institut de Radioprotection et Sûreté Nucléaire (IRSN) and the German Gesellschaft für Anlagen und ReaktorSicherheit (GRS) to address severe accident sequences in a nuclear power plant. Thermal-hydraulics in primary and secondary system is addressed by the CESAR module. The aim of this paper is to present the validation of the CESAR module, from the ASTEC V1.2 version, on the basis of well instrumented and qualified integral experiments carried out in the BETHSY facility (CEA, France), which simulates a French 900 MWe PWR reactor. Three tests have been thoroughly investigated with CESAR: the loss of coolant 9.1b test (OECD ISP N° 27), the loss of feedwater 5.2e test, and the multiple steam generator tube rupture 4.3b test. In the present paper, the results of the code for the three analyzed tests are presented in comparison with the experimental data. The thermal-hydraulic behavior of the BETHSY facility during the transient phase is well reproduced by CESAR: the occurrence of major events and the time evolution of main thermal-hydraulic parameters of both primary and secondary circuits are well predicted.
Introduction
The ASTEC V1 system code is being jointly developed by the French Institut de Radioprotection et Sûreté Nucléaire (IRSN) and the German Gesellschaft für Anlagen und ReaktorSicherheit (GRS) to address severe accident sequences in a nuclear power plant, from the initiating event up to fission product release outside the containment (1) .
ASTEC is the reference integral code of the European Severe Accident Research Network project (SARNET) (2) (3) .
The ASTEC V1 code consists of 11 coupled modules, each of them can deal with different phenomena: thermal-hydraulics in the primary and secondary circuits, core degradation and corium relocation, fission product release and transport, aerosols behavior and chemistry in the containment, corium-concrete interaction, iodine chemistry etc.
The thermal-hydraulics in the reactor cooling systems is computed by the CESAR module.
The CESAR module is at present time under intensive validation, in relation to the SARNET project, using separate effect tests as well as integral tests. The aim of this paper is to present the CESAR validation on the basis of well instrumented and qualified integral experiments carried out in the BETHSY facility (CEA, France), which simulates a French 900 MWe PWR reactor.
After giving an overview of the CESAR module, of the BETHSY facility and its CESAR modeling, the results of the code for the three following analyzed tests are presented and compared with the experimental data: the 9.1b test (OECD International Standard Problem N°27) which consists in a 2" cold leg break, the 5.2e test which consists in the total loss of feedwater and the 4.3b test which simulates the accident following a multiple steam generator tube rupture.
CESAR module physical and numerical modeling
The CESAR module is a 1-D two phase flow thermo-hydraulic code based on a 5-equation approach completed by a slip phase correlation. At the present time only one non-condensable gas (hydrogen) is available. As a result 6 differential equations and 1 algebraic equation are solved:
• 3 mass differential balance equations, one for the gas mixture, one for the non-condensable gas and one for the liquid phase, • 2 energy differential balance equations, one for the gas mixture phase and one for the liquid phase, • 1 mean (liquid and gas phases) differential momentum balance equation, • 1 algebraic equation which models the interfacial drag between the liquid phase and the gas phase. This interfacial drag is a complex model (4) which as been assessed on a large number of experimental data. The break critical flow rate is based on the Gros D'Aillon correlation (4) whereas the heat transfer coefficient between the structure and the fluid is based on a boiling curve. The different heat transfer processes are modeled: forced convection to liquid, nucleate boiling, critical heat flux, transition boiling, film boiling, forced convection to vapor and radiative heat transfer. Moreover a droplet projection model is implemented which enables CESAR to simulate core reflooding (4) .
The numerical method is based on the finite volume technique. The space is discretized using a staggered grid with the use of the donor cell principle. The time integration is performed using a Newton's method and a fully implicit scheme which makes CESAR a fast running code.
Overview of the BETHSY Facility
The BETHSY facility is a scaled down model of a 900 MWe Framatome PWR (5) . The elevation scaling factor of the facility is 1/1 in order to preserve gravitational heads, while the overall scaling factor applied to volumes, mass flow rates and power level is close to 1/100. The overall arrangement of the facility is depicted in Fig. 1 . The facility is designed to operate over the full range of primary (0.1 MPa to 17.2 MPa) and secondary (0.1 to 8 MPa) pressures and corresponding fluid temperatures. The core power is limited to 10% of the nominal value, i.e. 3 MW for the 428 electrically heated rods which simulate the core.
The BETHSY primary system has three identical loops; each one is equipped with a main coolant pump, capable of delivering up to the nominal flow rate, and a U-tube steam generator. Primary and secondary engineered safety systems are simulated. This includes high and low pressure injection systems, accumulators, pressurizer spray and relief circuits, auxiliary feedwater system and steam dump to the atmosphere. The entire primary system and the steam generators are equipped with trace heaters, in order to reduce undesirable distortions caused by heat losses in case of steady-state or slow transient tests.
The measurement system provides detailed information on thermal-hydraulic phenomena that are likely to take place on both primary and secondary sides. Finally, a computerized control system enables tests and associated Emergency Operating Procedures (EOPs) to be conducted in the automatic mode.
The BETHSY test matrix was elaborated to deal with all major questions related to the physical assumptions made in accident management in order to prevent severe core damage. More than 80 tests have been carried out on the BETHSY facility covering a wide range of accident situations such as breaks from 2" to 10" at different locations, single or multiple steam generator tube ruptures, total loss of feedwater and station blackout (6) .
At first, the BETHSY facility modeling was built using a nodalization similar to the one employed in standard PWR reactor applications with the ASTEC code. Successively, by means of preliminary analysis of the BETHSY experiments under investigation, the original model has been improved trying to reduce the discrepancies observed between code results and test measurements.
The revised nodalization scheme of the BETHSY facility used in the present analysis of BETHSY tests is depicted in Fig. 2 . Major improvements with respect to standard PWR model concern a refined meshing of the core (20 meshes instead of 14) and of the steam generator (16 meshes instead of 4). The total number of meshes is 138. Fig. 1 Overall arrangement of the BETHSY facility. 
Analysis of BETHSY Tests
Three tests carried out on the BETHSY facility have been thoroughly investigated with CESAR:
• the 9.1b test (OECD ISP N°27), which consists in a 2" cold leg break without high pressure injection and with delayed ultimate procedure; • the 5.2e test, which consists in the total loss of feedwater with delayed auxiliary feedwater startup;
• the 4.3b test, which simulates the accident following a multiple steam generator tube rupture and the application of related EOPs. Specific aspects of the thermal-hydraulic behavior of the reactor have been addressed in each of these tests. The analysis of the three tests allows the validation of CESAR under a large variety of plant conditions and EOPs actuation during accidental situations.
Test 9.1b
The test 9.1b (7) consists in a 2" cold leg break, while the High Pressure Injection System (HPIS) is assumed to be unavailable. This transient leads to a large core uncovery and fuel heat-up, requiring the implementation of the, so called, Ultimate Procedure U1 (UP) which aims at recovering the primary mass inventory by all means. The Ultimate Procedure should be applied as soon as the unavailability of HPIS is known. In the presently studied scenario, the actuation of the procedure is delayed and, therefore, the steam dumps to atmosphere are fully opened only when the core outlet temperature rises significantly higher than the saturation temperature. This action allows the primary circuit to depressurize down to the accumulator injection threshold, then to Low Pressure Injection System (LPIS) actuation.
The end of the test is reached as soon as a safe state of the primary coolant circuit is recovered, i.e. when the conditions required for the stable operation of the Residual Heat Removal System (RHRS) are attained.
We would like to point out that, in the version ASTEC version 1.2 the sub-critical break flow correlation differs from the classical Bernouilli expression by a factor √2 (8) . As a consequence, in order to offset this discrepancy, the break size has been increased by 40% after the break flow becomes sub-critical (at 5100 s just before the LPIS injection startup) in the reference CESAR calculation (9) 
Transient Analysis
The chronology of major events predicted by CESAR is given in Table 1 Apart from some delay in scram signal (4 s) and a slight anticipation in safety injection signal (5 s), the initial primary system depressurization is well simulated by CESAR as illustrated in Figure 3 (the solid lines are the result of CESAR calculation while the dots are experimental data points).
The break mass flow rate is initially overestimated by CESAR as shown in Fig. 4 . After primary pump coastdown at about 350 s, the mass flow rate reduces in contrast with the experimental evidence, resulting in a time delay of about 200 s in the drastic reduction of break flow after important cold leg draining. Fluid break loss due to important cold leg void fraction reduction just before accumulator isolation is over predicted by CESAR. The correction of the sub-critical correlation (through an increase of the break section by 40% at 5100 s) allows CESAR to well reproduce the break mass flow rate in the late transient phase. 
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The depressurization of both primary and secondary systems after UP initiation and steam dump opening (time delay of 4 s) is well simulated by CESAR. The primary pressure is slightly underestimated by CESAR (about 1 bar) towards the end of the transient after LPIS startup.
In spite of some discrepancies encountered in the evaluation of break mass flow rate (Fig. 4) and safety system water injection, the time evolution of primary mass inventory during primary circuit draining and refilling is rather well reproduced by CESAR (Fig. 5) . The secondary mass, which is controlled by auxiliary feedwater injection, fits very well the measured value.
The general trend of core uncovery is well predicted by CESAR (Fig. 6) . The core collapsed level is slightly over predicted after accumulator injection. This difference of about 30 cm, which remains practically constant until complete core refilling takes place, could be explained by the larger accumulator discharge or by discrepancy in the prediction of water boil-off from the core.
The fuel rod simulator heatup and cooldown after accumulator injection is very well reproduced by CESAR (Fig. 7) . The maximum core wall temperature calculated by the code is 1021 K at 3054 s, very close to the test measurements (peak wall temperature of 995 K at 3053 s).
Test 5.2e
The test 5.2e (10) mainly investigates accident management procedures in case of a total loss of feedwater in inlet to the steam generator secondary side. During the first part of the test, the automatisms and available safeguard systems are freely actuated following the total loss of feedwater. Later on, the accident management procedure consists in full opening of the relief valve of the pressurizer and start of HPIS injection. These actions result in primary circuit depressurization and subsequent initiation of accumulator injection.
After steam generator auxiliary feedwater startup, the depressurization of the secondary system is actuated by the progressive opening of the steam dumps to atmosphere. When the primary mass inventory is restored (by HPIS and accumulator injection), the relief valve of the pressurizer is closed and later on the HPIS injection is turned off. The test continues up to the achievement of stable and safe conditions that satisfy the RHRS operation criteria.
Transient Analysis
The chronology of major events predicted by CESAR is given in Table 2 The steam generator dryout following loss of feedwater at t = 0 s is well predicted by CESAR as illustrated in Fig. 8 . When the liquid reaches the 3 m level (817 s in the calculation, 820 s in the test), the pump coastdown is initiated resulting in primary pressure and temperature increase (see Figs. 9 and 10) due to progressive loss of primary coolant circulation.
Pressurizer discharge is opened and HPIS is started 1200 s after pump coastdown (2017s in the calculation). Then the primary system quickly depressurizes below secondary pressure and down to accumulator injection threshold (4.2 MPa) at 3533 s in the calculation, about 400 s earlier than in the test.
During this phase, the coolant loss through the pressurizer discharge (Fig. 11 ) and consequent primary mass depletion (Fig. 12) is rather well predicted by the code. The pressurizer level behavior is also well simulated by CESAR (Fig. 13) . Primary mass depletion is terminated around 3500 s by accumulator injection.
Core temperature stratification, provoked by cold water injected by HPIS that progressively feeds the core via the downcomer, is well captured by CESAR (Fig. 10) . When the outlet core temperature reaches 473 K at 7375 s in the calculation (135 s earlier than in the test) the auxiliary feedwater is switched on.
By this time, enhanced condensation phenomena predicted by CESAR in upper hottest parts of the primary circuit (including the vessel upper head) are likely the cause of calculation results deviation from experimental trend (see Fig. 10 to Fig. 13 ). The refilling of secondary side of the steam generator after auxiliary feedwater startup is well simulated by CESAR (Fig. 8 and Fig. 12 ). The secondary system depressurization after partial and total steam dump opening is well calculated by CESAR (Fig. 9) .
Pressurizer discharge is closed when the steam generator level reaches 3 m and the vessel level is above hot leg nozzle elevation, at 12036 s in the calculation, 134 s earlier than in the test. The consequent large pressurizer level fluctuation (Fig. 13 ) and primary mass increase (Fig. 12 ) are rather well predicted by CESAR, while the following primary temperature and pressure peaks are not reproduced (Figs. 9 and 10) , likely due to full steam condensation in the vessel upper head, which, on the contrary, behaved as a pressurizer in the late phase of the test.
Completion of primary system refilling is followed by sudden outlet core temperature reduction that triggers HPIS shutdown at 13715 s, about 500 s earlier than in the test. The progressive restart of natural circulation in the primary loops is predicted by CESAR in quite good agreement with experimental observations, as demonstrated by the progressive reduction of core temperature gradient in the late phase (Fig. 10 ).
Test 4.3b
The test 4.3b (11) simulates the accident following a 6 tubes steam generator rupture with the main objective to verify the physical bases of the PWR EOPs which may be applicable in this case. The system evolution following steam generator break opening results in condenser isolation, main feedwater trip, opening of auxiliary feedwater supply and high pressure injection startup. The primary pump coastdown is then initiated by the operator. After the broken steam generator isolation, the operator starts the rapid cooldown and depressurization procedure until near cancellation of the leak.
The possibility to reach RHRS operation conditions by simultaneous primary side and broken steam generator depressurization and slow cooldown has been then tested. These conditions are finally reached by restart of an intact loop primary pump. The transient is then terminated by closing the steam generator break valve. Time (s) In the test, the break is simulated by an orifice on an external piping linking the steam generator in loop 1 outlet plenum with the secondary side riser. Once again, in order to match the Bernouilli expression for sub-critical break flow (see section 3.1) the break size is increased by 40%. The break size is then multiplied by 0.88 (12) to take into account the particular shape of the break nozzle. Simplified stratification models have been applied in hot and cold legs of loop 1, trying to reproduce the effects of flow and temperature stratification phenomena observed in the broken loop during the test. A suitable pressurizer time constant for steam condensation calculation is used (up to 10 to 100 times the usually adopted value), in order to better reproduce the pressurizer behavior in the subcooling phase, during the test 4.3b.
Transient Analysis
The chronology of major events predicted by CESAR is given in Table 3 in comparison with the test scenario.
After break opening at t = 0 s, the primary pressure quickly approximates the secondary pressure ( Fig. 14) and sub-critical break flow conditions are attained. Break mass flow rate from primary to secondary is well predicted by CESAR, until near cancellation of the leak is achieved around 4500 s, in good agreement with experimental evidence (Fig. 15) Table 3 Chronology of major events in test 4.3b
The cooldown phase (after 650 s in the calculation) is simulated by CESAR reducing the intact steam generator secondary side pressure according to test measurements (Fig. 14) . The consequent core temperature decrease is very well predicted by the code as illustrated in Fig. 16 .
The pressurizer level increase after manual spray actuation at 3028 s is well predicted by CESAR (Fig.17) and leads HPIS to switch to charging mode at 4319 s (pressurizer level = 4 m) in good agreement with the test occurrence.
The thermal-hydraulic behavior of primary system during the slow depressurization and cooldown phase between 4704 -14746 s is rather well simulated by CESAR; in particular: (1) the break flow inversion from primary to secondary and vice versa (Fig. 15) , (2) the pressurizer level fluctuations also induced by charging mode HPIS actuation between 8000 -10250 s (Fig. 17) , and (3) the primary pressure which is set automatically at the value of the broken steam generator pressure (Fig. 14) . The formation of a steam bubble at the top of U-tube in the broken steam generator primary side is predicted by the code around 11000 s, according to the test evidence, but the size of the bubble is significantly overestimated.
The appearance of temperature stratification in the secondary side of broken steam generator, when colder water flows through the break from primary to secondary, is well reproduced by CESAR, as illustrated in Fig. 18 by the steam generator riser wall (U-tube) temperature behavior. This temperature stratification disappears when the break flow reverses from secondary to primary.
In the test, the restart of the intact loop 2 primary pump at nominal speed at 14746 s was sufficient to quickly reduce the primary pressure below the RHRS operation threshold (3.0 MPa), by establishing a reverse flow circulation in the broken loop causing a spectacular steam condensation in the secondary side of the broken steam generator. A higher pump speed (160% of nominal value) is required in the CESAR calculation to remove the larger steam bubble that forms in the primary side of the broken steam generator. By means of this assumption, the late phase test scenario is well reproduced by CESAR. 
Conclusions
The CESAR thermal-hydraulic module of ASTEC V1.2 code has been successfully validated by comparison with the results of three integral tests carried out on the French BETHSY facility. The analysis of these experiments has highlighted the good capability of CESAR to simulate reactor transient conditions in both primary and secondary circuits under different accidental situations.
The improvements introduced in the BETHSY facility modeling with respect to standard PWR reactor applications, mainly a finer meshing of the core and the steam generator, contribute to increase the CESAR code performances and reduce significantly the discrepancies between code results and experimental data.
The time evolution of main thermal-hydraulic parameters is well predicted by CESAR during the analyzed accidental transients. However, some code model weaknesses have been identified; they mainly concern the evaluation of break mass flow rate in sub-critical conditions (late phase of test 9.1b and test 4.3b) and steam condensation phenomena on upper hot parts of the primary circuit (test 5.2e) and within the pressurizer (test 4.3b).
The modified break flow correlation in sub-critical conditions has been integrated in the latest version 1.3 of ASTEC (released in December 2006) (4) . The version 1.3 also incorporates an improved modeling of condensation phenomena in reactor cooling circuits. This new model significantly reduces the discrepancies between code results and experimental data.
